Abstract. This study reports on an organic solar cell structure utilizing K12 as a new low-temperature processable small-molecule acceptor material. Pentacene (PEN) and K12 were deposited onto indium tin oxide by means of organic vapor phase deposition (OVPD) as bilayer solar cells. The resulting solar cell was characterized electrically by current density-voltage (J − V) measurements and optically by photocurrent and reflectivity measurements. The J − V characteristic under AM 1.5 illumination indicates a short-circuit current of 0.45 mA∕cm 2 (J sc ), a fill factor of 38% (FF), and an open-circuit (V oc ) voltage of 0.71 V. Current generation is found to predominantly occur in the K12 layer, although strong light absorption in the PEN layer is detected. We suggest that either a dipole shift between the layers or the fission of singlet excitons in the PEN layer leads to this observation. Although the efficiency of the device is low in combination with PEN, our experiment successfully demonstrates the use of K12 as a lowtemperature acceptor material in OVPD processes.
Introduction
Organic photovoltaic (OPV) devices have made tremendous progress since the very first cell by Tang 1 in 1986 which had an efficiency of 1%, to record cells that have more than 10% efficiency. 2 However, the efficiency and stability of organic solar cells still have to be improved to compete with other photovoltaic thin film technologies such as CdTe, copper indium gallium selenide, or copper zinc tin sulphide. 3 To date, the combination of the polymers P3HT∕PC 61 BM is one of the most well researched. [4] [5] [6] To surpass current efficiency limits and to ease mass production, 7 new molecules that can be processed by low-temperature evaporation and/or by solution-based processes have to be evaluated. Several types of non-fullerene acceptor molecules have been investigated in the recent past including rylene-diimides, oligothiophenes, cyano-poly(phenylene vinylene) compounds, phthalocyanines, diketopyrrolopyrroles, and perylene-based materials. 8, 9 The non-fullerene acceptor molecule 2-[(7-{9,9-di-n-propyl-9H-fluoren-2-yl}benzo[c] [1,2,5]-thiadiazol-4-yl)methylene]malononitrile (K12), which combines both properties-a low-evaporation temperature and good solubility in organic solvents-has been recently presented. [10] [11] [12] We propose a combination of K12 with the well-known high-mobility material pentacene (PEN) 13 as a functional OPV device structure. As shown in Fig. 1 , the optical absorption spectra of both molecules are complementary. Consequently, a broad range of the visible light spectrum is covered. Furthermore, their electron affinity (E EA or LUMO level; PEN: −2.9 eV and K12: −3.6 eV) 10, 14 and ionization potential (E IP or HOMO level; PEN: −4.9 eV and K12: −6.2 eV) 10,15 measured in the solid state a priori indicate a sufficient energetic offset to split excitons at the heterojunction (left inset of Fig. 1 ).
The deposition of K12 from solution and by vacuum thermal evaporation has been previously demonstrated. 17 To form homogenous thin films on large areas, organic vapor phase deposition (OVPD) technology can be used. 18 In this work, we report on the deposition of the molecule K12 in single layers as well as in bilayer devices consisting of a PEN/K12 heterojunction on indium tin oxide (ITO) by OVPD (right inset of Fig. 1 ).
Experiment
The organic films were deposited using an AIXTRON Gen-1 OVPD tool. PEN was deposited with a rate of 0.2 nm∕s. K12 was synthesized as described in literature 17 and deposited at a rate of 1.1 nm∕s. The chamber pressure was set to 0.9 hPa. For single layers, test grade silicon wafers covered with a 2-nm SiO 2 layer were utilized. The samples were characterized in ambient air without an annealing step. For the bilayer device, glass substrates covered with ITO (sheet resistivity R sh < 10 Ω∕ϒ and roughness S q < 3 nm) were sequentially cleaned with acetone, 2-propanol, and deionized water, and then dried with purified nitrogen. An oxygen plasma pretreatment (5 min, 400 W) was performed directly prior to the deposition of the active layers to remove any organic residues. The 1-cm 2 active area was defined by a photoresist layer. Directly after deposition of the active organic layers, the devices were annealed on a hot plate for 5 min at 65°C in a nitrogen atmosphere 10 to prevent reactions with oxygen or water. Subsequently, it was transferred without air contact to the metallization chamber. The cathode layer was formed by 0.5-nm LiF and a 100-nm Al. An LiF interlayer was utilized to improve the extraction of electrons at the cathode. 19 Both layers were thermally evaporated under ultra-high vacuum conditions. The final device stack was ITO/35-nm PEN/70-nm K12/0.5-nm LiF/100-nm Al. After processing, the device was encapsulated using a glass cover to prevent the degradation by ambient oxygen and moisture. An ABET (Abet Technologies, Inc., Milford, Connecticut) 10500 solar simulator with an AM 1.5 spectrum and an intensity of 100 mW∕cm 2 was utilized for illumination. The intensity calibration was performed using a silicon reference cell. For spectral photocurrent measurements, an AMKO (Analytische Messtechnik AMKO GmbH, Tornesch, Germany) MultiMode4 monochromator was placed between the light source and the device. White-light reflectometry data were recorded using a Sentech (SENTECH Instruments GmbH, Berlin, Germany) FTPAdv-2000RM. The x-ray diffraction (XRD) measurements were performed in a PANalytical X'Pert MRD (PANalytical B.V., EA Almelo, Netherlands) tool (Cu, K α -line) with tube settings set to 40 kV∕30 mA and open detector.
Results and Discussion
Single layers of PEN deposited in the OVPD tool were found to be polycrystalline with a surface roughness below 10 nm and an average island size of approximately 200 nm. Pristine single layers of approximately 1500-nm K12 on silicon were found to be smooth without any XRD peak right after deposition. After 48 h at room temperature and in ambient air, the K12 layers were fully crystallized. A surface roughness of 12 nm and an XRD peak at 7.6 deg to 7.8 deg (similar to literature reports) 10 were measured. For the bilayer devices, the PEN layer is polycrystalline as described above. The initial K12 layer was found to be amorphous. An annealing step was performed directly after deposition to initiate the crystallization. Annealing leads to a partial crystallization of the top K12 layer, with crystallites of approximately 20 nm in size and a surface roughness below 10 nm. As already reported by Schwenn et al. 10 and also observed in our experiments, the annealing step was found necessary for a good contact at the cathode side and thus to improve the fill factor (FF) of the solar cell.
The current density-voltage (J − V) characteristic of the PEN/K12 device in the dark and under illumination is displayed in Fig. 2 . Solar cell functionality is clearly observed for the first time in this type of stack deposited by OVPD.
From the J − V plot, a short-circuit current density (J sc ) of 0.45 mA∕cm 2 and an open-circuit voltage (V oc ) of 0.71 V can be determined. The FF is found to be 38%, and the overall power conversion efficiency (PCE) is calculated as 0.1%. For comparison, literature on optimized P3HT/K12 bilayer heterojunction devices reports J sc ¼ 0.81 mA∕cm 2 , V oc ¼ 0.64 V, FF ¼ 38%, and a PCE of 0.19% when illuminated with AM 1.5 light. 10 Therefore, the device presented here yields lower values for J sc (and thus PCE), whereas FF and V oc are comparable to the devices reported in literature. The lower current can be attributed to a nonoptimized layer thickness as well as the use of a flat heterojunction, which exhibits a lower interfacial area between both materials. An increase of J sc by 75% can be expected by employing a bulk heterojunction instead of the flat heterojunction.
10 K12 has been reported to have an electron mobility of 10 −3 cm 2 ∕Vs. 17 Although this mobility is lower than that of PEN (up to 40 cm 2 ∕Vs), 13 a recent article by Armin et al. 20 reports that balanced carrier mobilities are not the key enabling factor for high-performance photovoltaics.
Cells utilizing a heterojunction of 45-nm PEN/50-nm C 60 were reported to yield
, and a PCE of 2.7% at the same measurement conditions. 21 To further assess the current generation process, a monochromator was utilized to determine the photocurrent spectrum. The resulting curve is displayed in Fig. 3 together with the absorption spectrum.
The major contributions to the photocurrent are found in the short-wavelength region (red curve in Fig. 3 ). The two peaks at 357 and 468 nm are assigned to K12 as indicated in Fig. 1 . No peak of the photocurrent is measured at 670 nm, where the major solid-state light absorption peak of PEN is reported in literature. 16 A broad plateau is found in the range of 600 to 700 nm, where K12 does not absorb. There was no change in the photocurrent density versus wavelength when the devices were measured at 100 mW∕cm 2 . The fact that there is only a small current density in the longer wavelength regime suggests that the light absorbed by the PEN layer does not contribute strongly to the generation of free charges. To further investigate the role of the PEN in charge generation, the light absorption of the PEN/K12 device was examined. The light absorption (α) of the device, which contains an aluminum cathode as a mirror, is approximated from the measured white-light reflectometry R as α ≈ 1 − R. This result is shown as a green curve in Fig. 3 . As is visible in the figure, light absorption peaks at 357 and 500 nm can be assigned to K12. The additional peaks (at 580, 630, and 670 nm) are assigned to PEN absorption in accordance with literature values and Fig. 1 . 16 The reflectivity results show that light is absorbed in both layers, strengthening the view that the light absorbed in PEN only weakly contributes to the photocurrent generation. To unequivocally show that this is, in fact, the case, a comprehensive determination of the internal quantum efficiency would need to be undertaken. 22 However, such a study is beyond the scope of this work and is complicated by the crystalline nature of the layers. Possible explanations for this low contribution can be either a dipole shift between both materials 23 or singlet fission in the PEN layer. 24, 25 Both mechanisms would result in the observed light absorption and photocurrent spectra as explained in the following. Solar cells employing a heterojunction consisting of PEN and C 60 have been reported to exhibit a large contribution of PEN to the photocurrent. In that case, excitons are successfully transferred from the donor to the acceptor materials. 21 Even triplet transfer after singlet fission has been reported for that system, see e.g., Rao et al. 26 There are two key mechanisms for photocurrent generation, namely Channel I (electron transfer) and Channel II (hole transfer). 27 In a simple analysis, the Channel I mechanism (the splitting of an exciton at the heterojunction) takes place if the energy difference between the electron affinity (EA) levels of the donor (D) and acceptor (A) materials is larger than the exciton binding energy. This can be described as E EA;D − E EA;A ≥ E EX where E EX is the binding energy of an exciton in the donor material and E EA;D (E EA;A ) is the EA level in the donor (acceptor) relative to the vacuum energy level. If a dipole shifts the vacuum energy level between both materials, then the condition for a successful exciton splitting reads as
where E DP denotes the energy shift caused by the dipole. The sign of the dipole is defined here as positive in the direction of electron transfer. The formation of a dipole is based here on the proposed model by Brocks et al. 28 This model suggests the effective "pinning energy level" or Fermi level (E FL ) of the two molecular species at a heterojunction to explain the formation of a dipole. Electrons are transferred from the material with the higher E FL to the one with the lower lying E FL until both levels are equal. Thus, the initial difference of the materials reflects the sign and value of the dipole shift.
We start with the dipole hypothesis and analyze first the case of P3HT/K12 solar cells in which a contribution of P3HT to the photocurrent has been reported. 10 Using the data given there, we can estimate the energy levels of K12, although it should be noted that the P3HT/ K12 interface was believed to be somewhat blended due to both materials being deposited by solution processing to form the bilayer structure. Finally, we utilize the published data for PEN in order to assess the probability of a dipole at the PEN/K12 heterojunction. An overview of the energy levels of P3HT, K12, and PEN is shown in Fig. 4 . We now analyze the heterojunction of P3HT and K12 [shown in Fig. 4(a) ] to estimate the position of E FL;K12 . The article by Schwenn et al. 10 reports on a contribution of P3HT (E EA;P3HT ¼ −2.7 eV, E IP;P3HT ¼ −4.7 eV, and E EX ¼ 0.7 eV to the photocurrent in the bilayer P3HT/K12 solar cells. Using Eq. (1), E DP is calculated to be below 0.2 eV. Thus, the difference between the Fermi levels of both materials has to be below 0.2 eV. E FL;P3HT is given as −4.4 eV. 29 We, therefore, conclude that E EA;K12 < E FL;K12 < −4.4 eV − 0.2 eV ¼ −4.6 eV as E FL has to be located between E EA and E IP . This energy range is indicated by the shaded area in Fig. 4 . We note that the case of E FL;P3HT < E FL;K12 is also possible and would even improve exciton splitting at the heterojunction. The exact energy levels at the heterojunction are dependent on the structure of P3HT and the phases of both materials. Our analysis is thus limited to a simplified picture to illustrate the basic relationships.
In the next step, we examine the PEN/K12 heterojunction presented in this work to explain the low photocurrent. The energy levels of PEN and K12 are indicated in Fig. 4(b) . E FL;PEN ≈ −4.0 eV and E EX;PEN ¼ 0.5 eV have already been reported in literature. 28, 30 These values yield E DP;PEN∕K12 ¼ −4.0 eV − ð−4.6 eVÞ ¼ 0.6 eV as the maximum dipole between PEN and K12. In summary, a dipole shift between P3HT and K12 was estimated to be as large as 0.2 eV. The dipole shift between PEN and K12 can be 0.6 eV. Thus, the larger dipole in the case of PEN as the donor material is one possible explanation for the measured low photocurrent in the highwavelength region. In contrast, hole transfer (Channel II) from K12 to PEN is not impaired by a possible dipole shift, as the energy level difference (E IP;K12 − E IP;PEN ) is as large as 1.2 eV, and hence these results are consistent with the measured external quantum efficiency of the devices.
Next, we examine the alternative explanation of singlet-to-triplet fission in PEN. Numerous reports on singlet fission in PEN and other acenes have been published recently. 32 The triplet energy and E FL;PEN are both reported at −4.0 eV. 28, 31 If one was to take the triplet energy as the energy of the excited electron, then the splitting of triplets at the heterojunction PEN/K12 via the Channel I mechanisms is energetically unfavorable as their energy is 0.4 eV lower than E EA of K12. Thus, no photocurrent generation by the triplet states would be expected. As the conversion from singlet to triplet states occurs within 20 ps, 24 only a thin layer of PEN located directly at the heterojunction can generate singlet excitons which are not converted into triplets before reaching the interface. These singlet excitons can contribute a small amount to the photocurrent, which is observed in the spectral region of 600 to 700 nm.
Conclusions
We have reported the first organic solar cell successfully utilizing PEN and K12 deposited by OVPD. A PCE of 0.1% with J sc ¼ 0.45 mA∕cm 2 , V oc ¼ 0.71 V, and a FF ¼ 38% was achieved under 100 mW∕cm 2 AM 1.5 illumination. The photocurrent and light absorption spectra of the cells were examined. A very limited contribution to the generated current by absorption in the PEN layer was found. Two hypotheses for this observation are suggested: a dipole shift and singlet fission. It is proposed that the singlet fission leads to the low photocurrent contribution of PEN in the overall cell, as this conversion process has been reported widely for acenes. An influence of a dipole shift between both layers is still possible. Further optimization of the devices is possible in terms of layer thickness, interfacial area, and pretreatment, which are the the next steps to increase the overall performance. Furthermore, alternative materials, e.g., tetracene or NPB in combination with K12 could be tested for OPV devices.
